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Abstract 
 Over the past few years, microRNAs (miRNAs) have emerged as a new 
prominent class of gene regulatory factors that negatively regulate expression of 
approximately one-third of the genes in animal genomes at post-transcriptional 
level. However, it is still unclear why some genes are regulated by miRNAs but 
others are not, i.e. what principles govern miRNA regulation in animal genomes. In 
this study, we systematically analyzed the relationship between transcription factors 
(TFs) and miRNAs in gene regulation. We found that the genes with more TF-
binding sites have a higher probability of being targeted by miRNAs and have more 
miRNA-binding sites on average. This observation reveals that the genes with 
higher cis-regulation complexity are more coordinately regulated by TFs at the 
transcriptional level and by miRNAs at the post-transcriptional level. This is a 
potentially novel discovery of mechanism for coordinated regulation of gene 
expression. Gene Ontology analysis further demonstrated that such coordinated 
regulation is more popular in the developmental genes. 
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 Gene expression is largely regulated by action of trans-factors on the cis-elements 
aligning on the regulatory regions of the genes. Among these trans-factors and the cis-
elements, transcription factors (TFs) and their binding sites (TFBSs) play the most 
important role in gene expression regulation. Recently, another group of molecules, 
namely microRNAs (miRNAs), have been found to regulate gene expression at the post-
transcriptional level and translational level through base-pairing with target messenger 
RNAs (mRNAs).  
 MicroRNAs are noncoding RNAs of ~22-nucleotide in length that are encoded in 
the chromosomal DNA and transcribed as longer stem-loop-like precursors [1; 2]. Upon 
transcription, the miRNA precursors are converted to mature miRNA duplex through 
sequential processing by RNaseIII family of endonucleases Drosha and Dicer [3; 4]. One 
strand of the processed duplex is incorporated into a silencing complex and guided to 
target mRNA sequences by base-pairing, resulting in the cleavage of target mRNAs or 
repression of their productive translation [5; 6]. Roughly 1% of the genes in each 
respective animal genome are miRNAs [7]. A growing body of evidence has revealed 
that miRNAs are involved in a variety of biological processes [1; 2] and pathological 
processes [8], such as embryonic development, cell proliferation, cell differentiation, 
apoptosis, insulin secretion and carcinogenesis.  
 Recent computational studies indicate that approximately one third of human 
genes are potentially regulated by miRNAs and each miRNA on average could target 
more than 200 genes [7]. Similar to TFs and their regulated genes, miRNAs and their 
targets appear to form a complex regulatory network. However, it remains unclear 
whether the gene expression regulation by miRNAs at the post-transcriptional level is 
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coordinated with that by TFs at the transcriptional level. In this study, we systematically 
analyzed the relationship between the abundance of the TFBSs and miRNA targeting 
sites of each gene in human genome. We found a positive correlation between these two 
groups of transcriptional regulators. 
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Materials and methods 
 Datasets used in this study. A dataset representing three transcription factors, 
OCT4, NANOG and SOX2 and their target genes in human embryonic stem cells were 
obtained from Boyer et al. [9]. The regulatory relationships of the three transcription 
factors and their target genes are listed in Supplementary Text File S1.  
 The genome-wide computationally predicted human miRNA target genes were 
obtained from Krek et al. [10]. There were a total of 6,243 genes regulated by 168 
miRNAs. The miRNAs and their targets are listed in Supplementary Text File S2.  
 We obtained two TFBS datasets, one from Cora et al. [11] and the other from Xie 
et al. [12]. We counted the number of TFBS for each gene from these two datasets and 
presented them in Supplementary Text Files S3 and S4, respectively.  
 The original Gene Ontology (GO) term file was downloaded from NCBI 
(ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/). Human GO terms were extracted and listed in 
Supplementary Text File S5.  
 Analysis of the relationship between miRNA target rate and TFBS number of 
human genes. We define the miRNA target rate as a ratio of the number of genes that are 
miRNA targets to the total number of genes in a dataset. To examine the relationship 
between miRNAs and TFs in gene regulation, the 6,243 human miRNA target genes 
reported by Krek et al. [10] were mapped onto 9,348 human genes whose numbers of 
corresponding TFBSs were determined by Cora et al. [11]. We call the number of TFBSs 
associated with a gene its TFBS-count. We divided these 9,348 human genes into two 
groups. One group contains miRNA targets (Supplementary Text File S6) and the other 
group contains the rest of the genes (Supplementary Text File S7). We calculated the 
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average TFBS-count of the genes in each group. A Wilcoxon Ranksum test was 
performed to determine whether the average number of TFBSs was significantly different 
between the two groups. 
 In order to investigate the relationship between the miRNA target rate and the 
TFBS-count of genes in more details, we calculated the number of TFBSs for each gene 
in the dataset of Cora et al [11] (Supplementary Text File S3) and grouped the genes 
according to their TFBS-count. The genes in each group have the same number of 
TFBSs. Since some groups contain limited numbers of genes, we set a threshold of 100 
genes in each group and regrouped the genes if a group contains less than 100 genes. For 
example, when a group contains N genes (N<100), we randomly selected 100-N genes 
from the adjacent group that contains the genes with one less TFBS-count. If the number 
of the genes in the adjacent group (M) is not enough to make a new group (M+N<100), 
we continued this procedure until the number of genes reaches to the threshold. This 
ensures that each group has at least 100 genes. Then, we calculated the miRNA target 
rate for each gene group (Supplementary Text File S8). We performed a similar analysis 
based on the genes’ TFBS information from the dataset of Xie et al. [12]. (Supplementary 
Text File S9).   
 Analysis of the relationship between the number of TFBSs and the number of 
miRNAs that regulate the same gene. As many genes are regulated by several different 
TFBSs and different miRNAs, we analyzed the relationship between the number of 
TFBSs and the number of miRNAs which target the same genes. To do so, we divided 
the genes in Supplementary Text File S3 into subgroups based on the number of miRNAs 
that regulate the genes. The grouping information and genes in each group are listed in 
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Supplementary Text File S10. For example, Group one contains the genes that are not 
regulated by miRNAs at all, Group two contains the genes that are regulated by one 
miRNA, and so on. The average number of TFBSs in each group was calculated using a 
similar method as described above and listed in Supplementary Text File S11. A similar 
analysis was conducted using the genes’ TFBS information from Xie et al [12]. 
(Supplementary Text File S12).  
 Analysis of the relationship between the number of TFBSs and miRNA-target of 
the genes in Gene Ontology categories. To investigate which biological processes and 
functional categories are more regulated by TFs and miRNAs, we assembled genes into 
functional groups based on the Gene Ontology (GO) annotations. Among the 9,348 genes 
in the dataset of Cora et al. [11], 6,994 were found to have GO terms. For statistical 
analysis, we only retained the GO term groups (233 terms) that contain more than 50 
genes. To gain an insight into the relationship of gene regulation between TFs and 
miRNAs in each GO category, we determined the Pearson’s correlation between the 
TFBS-counts and the miRNA target rates within such GO groups with respect to the data 
distribution among the 233 GO terms.  
 All intermediate results and data files are accessible at: 
http://www.bri.nrc.ca/wang/mirna3.html
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Results and discussion  
 To study how miRNAs and TFs coordinately regulate genes in human genome, 
we first took a dataset which represents the regulatory relations between the three TFs, 
OCT4, NANOG and SOX2 and their target genes in human embryonic stem cells [9]. 
The regulatory relationships between the three TFs (OCT4, NANOG and SOX2) and 
their target genes were determined through ChIP-chip method (chromatin 
immunoprecipitation coupled with DNA microarray) [9]. The three TFs totally regulate 
2,046 genes. Among these 2046 genes including the three TFs, 341 are regulated by only 
one of the three TFs, 1,314 are co-regulated by two of the TFs and 391 are co-regulated 
by all of the TFs (Table 1). Meanwhile, we obtained a set of computationally predicted 
human miRNA target genes from Krek et al. [10]. The current miRNA target prediction 
methods [10; 13-18] are mainly based on the principle of miRNA-target interactions [19], 
and the accuracy of these methods has been confirmed by experimental validation of 
randomly selected miRNA targets [20] and by large-scale gene expression profiling 
studies [21; 22]. Up to 90% of the randomly selected miRNA targets from the predictions 
by Krek et al. [10] have been validated as true targets [20]. Accordingly, the predicted 
miRNA targets have been used for genome-wide analysis of miRNA target expression 
[19; 23-25] and cellular signaling network regulation [26]. We mapped the miRNA 
targets onto the target genes of the three TFs. We then divided the genes into three 
groups, in which they are regulated by one, two and all three of the TFs, respectively, and 
counted the number of genes that are miRNA targets and the number of genes that are not 
miRNA targets, respectively, in each group. We found that the miRNA targets are 
enriched in the group of genes targeted by more TFs (Table 1). Fisher exact test 
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confirmed the significance of the observation (P = 0.031). This result indicates that a 
gene that is regulated by more TFs is also more likely to be a target of miRNAs.  
A gene is usually regulated by more than three TFs. To validate and expand above 
observation, we examined the relationship between TFs and miRNAs for gene regulation 
in a genome-wide scale. In the past few years, genome-wide identification of TFBSs has 
been extensively studied by using various bioinformatics methods. Among these 
methods, the comparative genomics approach emerges as one of the most effective and 
relatively accurate approaches for identifying potential cis-regulatory elements in 
genomes [27; 28]. Cis-regulatory elements have been used to study gene expression 
divergence [29-32] and tissue-specific gene expression profiles [12; 33]. TFBSs have 
been also used to reconstruct gene regulatory networks, find co-regulated genes and infer 
evolutionary insights [34-37]. One report found that 98% of known TFBSs of skeletal 
muscle-specific TFs are confined to 19% of the most conserved sequences between 
human and mouse [38]. Furthermore, several integrative methods that combine 
phylogenetic footprinting with others such as gene microarray and GO have been 
developed to filter out false positives in the TFBS identification [11]. TFBSs, or cis-
regulatory elements are normally located in the promoter region of a gene. TFs regulate a 
gene through binding to the TFBSs of the gene. Basically, the more TFBSs a gene has, 
the more complex its regulation can be as provided by various possible combinations of 
TFs. We took two datasets of putative human TFBSs identified through comparative 
genomics [11; 12]. In the first dataset [11], each gene on average contains 20 putative 
TFBSs in its promoter region. After mapping miRNA targets reported in [10] onto the 
9,348 genes, we found that 42.16% of them are miRNA targets and the average TFBS-
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count of the miRNA target genes is significantly higher than that of the non-target genes 
(24.2 vs. 17.4, P < 1.9 × 10-55, Wilcoxon Ranksum test, Table 2). A similar result (86.3 
vs. 67.1, Wilcoxon Ranksum test, P < 1.5 × 10-216) was obtained based on the other TFBS 
dataset [12].   
More detailed analysis was performed by grouping these genes based on the 
TFBS-count and calculating miRNA target rate in each group. As shown in Fig. 1A, the 
TFBS-count is significantly correlated with the miRNA target rate (Pearson’s correlation 
coefficient r = 0.9432, P < 3.5 × 10-68). For example, the miRNA target rate is doubled 
from the group of genes that have less than 10 TFBSs to those that have more than 100 
TFBSs (from ~35% to ~70%). A similar result was obtained using the TFBS dataset from 
Xie et al. [12] (Fig. 1C, r = 0.9680, P < 3.9×10-113). These results are consistent with the 
finding in the human stem cell gene regulation and therefore strongly suggest that 
miRNAs preferentially target the genes that bear more TFBSs has broad applicability.  
 Since many genes can be targeted by more than one miRNAs, we analyzed the 
relationship between the number of miRNAs and the number of TFBSs in the same 
genes. We found a significant correlation (Fig. 1B, r = 0.7364, P < 6.1 × 10-12). A similar 
result was obtained when using the TFBS dataset of Xie et al. [12] (Fig. 1D, r = 0.7200, P 
< 9.5 ×10-12). These results suggest that the genes that are targeted by more miRNAs 
have more TFBSs.     
 Taken together, these results indicate that the complexity of gene regulation by 
miRNAs at the post-transcriptional level is positively related to the complexity of gene 
regulation by TFs at the transcriptional level in human genome. 
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 To understand which biological processes and functional categories are more 
coordinately regulated by both TFs and miRNAs, we assembled the genes from [11] into 
functional groups based on Gene Ontology (GO) annotation, and calculated average 
TFBS-count and miRNA target rate in each GO group. As shown in Figure 2,  the GO 
groups that contain genes with a higher average TFBS-counts usually have higher 
miRNA target rates (Pearson’s correlation coefficient r=0.51, P<2.2×10-16). Similarly, the 
GO groups that contain genes with a lower average TFBS-count also have a lower 
miRNA target rate. This result suggests that the complexity of gene regulation by TFs 
and miRNAs are positively associated within most GO functional groups.  To determine 
which functional groups of genes are most complexly regulated by both TFs and 
miRNAs, we selected the top 14 GO groups (Fig. 2, the up-right corner) that have both 
the highest average TFBS-counts and high miRNA target rates. We found that many of 
them are involved in development, such as GO0007275 (development), GO0007399 
(nervous system development) and GO0001501 (skeletal development), and 
development-related processes, such as GO0030154 (cell differentiation), GO0009653 
(morphogenesis), and most of the rest are involved in potassium channel and transport, 
and protein phosphorylation (Fig. 2, right panel). This reflects the fact that gene 
regulations of development and signal transduction are highly complex, requiring 
multiple TFBSs and miRNAs. 
 In conclusion, human genes, especially the genes involved in developments, is 
coordinately regulated by both TFs at the transcriptional level and miRNAs at the post-
transcriptional level. Genes that are more complexly regulated at transcriptional level are 
more frequently turned on and more differentially expressed at different temporal and 
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spatial conditions and therefore also require to be more frequently turned off. MiRNAs as 
negative regulators can exert the turning-off function at post-transcriptional level through 
repressing mRNA translation and/or mediating cleavage of mRNAs. The coordination 
between TFs and miRNAs in gene expression regulation found in this research reveals a 
potential mechanism of gene regulation in human genome. We also found that such 
coordinately regulated genes are enriched in certain GO functions, particularly in those 
involved in developmental processes. 
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Figure legends 
 
 
Fig. 1. Correlation between TFs and miRNAs in gene regulation. The analysis was 
performed using two TFBS datasets from Cora et al. [11] (A and B) and Xie et al. [12] (C 
and D), respectively, and one miRNA target dataset from Krek et al. [10] (A-D). (A) and 
(C) Genes were grouped based on the number of TFBSs. MicroRNA targets were 
mapped onto these genes and miRNA target rate in each group was calculated. (B) and 
(D) Genes were grouped based to the number of targeting miRNAs. The average number 
of TFBSs was calculated in each group. 
 
Fig. 2. Correlation between average TFBS-counts and miRNA target rates within 
functional GO groups. Genes were assembled into functional groups according to the GO 
annotations. The average TFBS-counts of the genes with such GO groups was calculated 
using the TFBS information from Cora et al. [11] and the miRNA target rates of the 
groups were calculated using the miRNA target dataset reported by Krek et al. [10]. All 
GO groups (233 terms) that contain more than 50 genes were plotted. The GO terms with 
both relatively high average number of TFBSs and high miRNA target rates are indicated 
in the up-right corner box.
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Table 1 
MiRNA target rate in each subgroup of the genes in human embryonic stem cell 
 
Group* 1 2 3 
Number of total genes 341 1314 391 
Number of miRNA 
target genes 141 550 192 
Number of non-
miRNA targets 200 764 199 
P value 0.031 
*The genes were grouped according to the number of TFs by which they are regulated. 
 
Table 2 
Average TFBS-counts of miRNA targets and non-miRNA targets* 
 Total genes miRNA targets Non-miRNA targets 
Nubmer of genes 9348 3942 5406 
Average TFBS-count 20.4 24.2 17.4 
P value** 1.9 × 10-55 
*TFBS data were obtained from Cora et al.’s report [11] 
**Wilcoxon Ranksum test  
 
